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Introduction 16
One of the challenges faced by scientists and clinicians is to fabricate physiologically 17 relevant three-dimensional (3D) culture models with controllable biochemical and 18 biophysical properties that can provide an in vitro platform to develop and test new clinical 19 therapies. (1) The use of hydrogels is among some of the more promising approaches for the 20 development of culture models for use in tissue engineering and regenerative medicine. 21
These biomaterials consist of a water-swollen network of crosslinked hydrophilic polymer 22 chains. The limited availability of native tissues for transplantation and in vitro testing has 23
propelled the need to develop new hydrogels that replicate native tissue extracellular matrix 24 (ECM). Hydrogel materials can be fabricated from natural protein polymers such as collagen, 25 fibrin, agarose, gelatine or alginate, or from synthetic polymers such as poly(ethylene glycol) 26 (PEG), poly(vinyl acetate) (PVA) or poly(acrylic acid) (PAA). The choice of polymer is vital 27 when determining the suitability of a particular hydrogel material for a given application. ( 
2) 28
Natural protein hydrogels are advantageous in that they provide native biochemical cues and 29 are able to simulate many aspects of the natural ECM. Synthetic hydrogels are valuable in 30 that more well-defined, easily tuneable structures and mechanical properties can be achieved 31 in comparison to protein-based hydrogels. Frequently a combination of natural and synthetic 32 hydrogels is utilized in order to more closely mimic the dynamic native culture environments 33 that change in response to cellular behaviour. Hydrogels provide a popular method of 34 culturing cells in a 3D environment as they provide a structure in which a tissue can develop. 35 Hydrogels act as a temporary matrix that allows cells to grow, move and communicate. Their 36 viscoelastic characteristics, biocompatibility, availability and their ability to be remodelled by 37 cells make them a suitable material for tissue regeneration. Cell-seeded hydrogel constructs 38 can also replicate the close contact/adhesion that occurs between cells and ECM. Hence the 39 mechanical properties of the resulting hydrogel construct become a unique property that 40 6 measured using a charge-coupled device (CCD) camera or a laser.(7) The relationship 113 between the applied pressure and the resultant strain on the hydrogel can be incorporated into 114 a mathematical model to calculate the elastic or viscoelastic properties of the hydrogel. 115
Leakage, difficulties controlling and measuring the applied pressure and dissolved air 116 becoming trapped in the solution are all problems associated with bulge and indentation 117 testing. The test is also only suitable for flat uniform hydrogels. 118
Indentation techniques have been widely used to characterize soft biomaterials including 119 hydrogels. Hayes et al. (9) were one of the first groups to use indentation to examine the 120 mechanical properties of a tissue. They used indentation to examine the mechanical 121
properties of human cartilage. Indentation has also been used to examine the adhesive 122 characteristics of tissues (10) by measuring the adhesion force between the indenter and the 123 tissue. There are several variations of the indentation techniques used to characterize 124 hydrogels including spherical indentation, micro-indentation and nano-indentation. 125
Spherical indentation involves suspending a thin circular hydrogel around its outer 126 circumferences in a specifically designed sample holder and placing a ball of known weight 127 and size onto the hydrogel ( Figure 1D ). The weight of the ball causes the hydrogel to 128 deform. The deformation is recorded via a CCD camera and the depth of indentation is used 129 to calculate the elastic modulus of the hydrogel.(11) The viscoelastic properties of the 130 hydrogel can also be monitored by measuring the change in central deformation over 131 time.(12) This approach is particularly suitable for cell-seeded hydrogels as the whole 132 assembly can be fully submerged in solution and be kept in an incubator at 37 °C while 133 testing. This technique has been used to examine the effect of fibroblasts on the mechanical 134 properties of collagen hydrogels (13) and the influence of nano fibres on hydrogel properties, 135 predetermined loading to the hydrogel, in particular collagen hydrogel, and monitor the 164 contraction strain generated by resident fibroblasts. The beauty of this system is that it can 165 monitor the strain development for days continuously and visualize the associated global 166 morphology change. 167
Ultrasound elastography is a technique that works by transmitting ultra-sonic waves through 168 the hydrogel and then reading backscattered waves, which can be used to form 2D images. 169
When a force is applied to the hydrogel, the resulting displacement can be detected 170 throughout the hydrogel. This information can then be processed to characterize the 171 mechanical properties of the hydrogel. There is a widespread demand for the development of non-destructive techniques that permit 181 the continuous measurement of hydrogel constructs for prolonged culture periods. The use of 182 non-destructive mechanical characterization techniques is extremely valuable in that they 183 allow for changes in mechanical properties over time to be characterized. Such changes can9 then be more accurately linked to cell activity and remodelling of the hydrogel matrix. 185
Among other techniques, micro-indentation, ultrasound elastography and the combination of 186
OCT and surface acoustic wave or with indentation techniques are extremely powerful tools 187 for the characterization of the mechanical properties of hydrogels or soft tissues. 188 189
Effect of Hydrogel Mechanical Properties on Cellular Activities 190
In most native tissues, anchoring cells attach to the surrounding ECM. This ECM provides an 191 inner physical support and its composition, topography and stiffness provides biochemical 192 and biophysical cues that are necessary to the development and maintenance of these tissues. 
fibrin, and cells in a 246
hydrogel that lack binding sites, i.e. agarose. Cells in hydrogels that allowed binding had a 247 spread morphology while those in hydrogels that lacked binding sites maintained a spherical 248 morphology. 249
Effect of Cellular Activity on Hydrogel Properties 250
In addition to hydrogels having an effect on the behaviour of cells, reciprocally the cell 251 activity within the hydrogels can affect their bulk mechanical properties. Similar phenomena 252 are found in diseases such as those that affect connective tissues and alter the mechanical 253
properties of the tissue. The result is often the formation of hard tumours or the generation of 254 ulcers. In these cases, it is the cellular activities that regulate the ECM. Hence, cells seeded in 255 hydrogels can affect their mechanical properties through several metabolic activities 256 including digestion via the production of enzymes; proliferation; matrix synthesis; 257 contraction; ECM deposition and crosslinking. increase the bulk stiffness of the hydrogel. Calcium phosphate may also be incorporated into 279 the hydrogel prior to fabrication to increase the hydrogel stiffness or induce it to be formed. 280
Douglas et al.(40) incorporated alkaline phosphatase into collagen and PEG-based hydrogels
13
to induce their mineralization into calcium phosphate. They found that calcium phosphate 282 was formed, and mineralization increased the Young's modulus of the hydrogel. One factor 283 that needs to be considered when relating hydrogel stiffness to ECM production is the ability 284 of the hydrogel to retain the newly formed matrix components. Hydrogels with a high 285 porosity or high-water content may not retain matrix proteins as easily as other hydrogels. 286
The loss of matrix proteins in this manner would affect the change in hydrogel stiffness. 287
Many hydrogels undergo contraction when seeded with cells (Figure 4) . Hydrogels such as 288 collagen and fibrin contain ligands that enable cell adhesion. Due to their limited mechanical 289 strength, the cells are able to contract these hydrogels. Contraction can be a problem when 290 attempting to design hydrogels that incorporate specific geometries that replicate the native 291 Another factor that plays an important role in dictating the cell-matrix mechanical 303 relationships is the initial conditions used to manufacture the hydrogels. Cell seeding density 304 can also influence the mechanical properties of hydrogels. Increasing the cell number often 305 leads to an increase in the rate of hydrogel remodelling and changes in mechanical properties. 306
For fibroblast-seeded collagen hydrogels, the initial cell and collagen concentration used was 307 found to affect the ability of cells to change the mechanical properties of the hydrogels.(43) 308
Varying the initial cell density in turn varies the amount of force that can be generated to 309 remodel the hydrogels. This phenomenon demonstrates a clear mechano feedback response 310 between firoblasts and their surrounding hydrogel matrix. 311
Mechanical Properties as a Marker of Cellular Activities 312
The mechanical properties of soft tissues are often closely related to their physiological 313 function. For example, in vivo tissue contraction, remodelling and fibrosis (or scarring) 314 following injury or disease often results in an alteration to the mechanical properties of the 315 affected tissue (45) due to an 'activation' of the native cell phenotypes into their injury 316 subtypes.(46) The dynamic reciprocity between hydrogel mechanical properties and cell 317 activity has driven researchers to investigate how the mechanical properties of hydrogel 318 constructs affects cell behaviour and whether these properties can act as a marker to predict 319 cellular activity. This relationship has to be considered when designing hydrogels that need to 320 be suitable for implantation. Here we present several examples to demonstrate how the 321 mechanical properties of hydrogel constructs can reflect cellular activities. 322 323 increasing age resulted in a reduced in the elastic modulus (Figure 7) . The preliminary 370 examination of the elastic modulus of corneal stromal fibroblasts grown in these hydrogels 371 found that younger collagen induced higher contraction than older collagens manifesting as a 372 higher modulus. Hence, it has been postulated that at a given collagen concentration, the 373 younger collagen hydrogels (newborn and 2 months old) with a highly organized fibrous 374 structure, resulted in a higher construct modulus compared to the randomly and loosely 375 packaged older specimens (6 months and 2 years old). Thus, it is feasible to predict 376 microscopic differences in the collagen hydrogel through the measurement of mechanical 377 properties 378 379
Indicator of Differentiation Status
Strategies for Improving the Mechanical Properties of Hydrogels 380
When using hydrogels to study cell-ECM interactions, it becomes critical to tailor the 381 hydrogels' mechanical properties. Various strategies have therefore been proposed to 382 improve their mechanical characteristics. A fundamental limitation of hydrogels for tissue 383 engineering is their inferior mechanical strength and stiffness in comparison to the native 384 tissue that they are being used to replicate. These mechanical properties result from the high 385 water content and random fibre orientations found in hydrogels.(7) Once the mechanical 386
properties of a hydrogel material have been determined, it is often desirable to improve the 387 mechanical strength of the construct so that it is more suitable for a given application. (2) The 388 mechanical properties of hydrogels can be improved using numerous strategies including the 389 alteration of the co-monomer composition, increasing/decreasing the crosslinking density, 390 alterations to the conditions in which the polymer is formed,(2) the addition of cells onto or 391 into the matrix via matrix remodelling, ECM secretions and the application of intrinsic strain. 392 393
Concentration 394
One approach to improving the mechanical properties of hydrogels is to increase the polymer 395 
